17 18 During biological invasions, alien populations can suffer losses of genetic diversity that 19 are predicted to negatively impact their fitness/performance. Using genome sequences, 20 we show that invasive populations of the African fig fly, Zaprionus indianus, have lower 21 levels of genetic diversity compared to native populations, and that genetic diversity is 22 lost more in regions of the genome with low recombination rates. However, genetic 23 diversity remains as high or higher in invasive populations than in populations of non-24 invasive congeneric species. We then use parameter estimates from thermal 25 performance curves measured for 13 species of Zaprionus to show that Z. indianus has 26 the broadest thermal niche of measured species, and that performance does not differ 27 between invasive and native populations. These results illustrate how aspects of genetic 28 diversity in invasive species can be decoupled from measures of fitness, and that a broad 29 thermal niche may have helped facilitate Z. indianus's range expansion.
Populations of invasive species can experience extreme demographic histories. For 33 example, processes such as bottlenecks, inbreeding, hybridization, and multiple 34 introductions can all operate within populations of invasive species (Barker et al., 2019 ; 35 Dlugosch and Parker, 2008; Ellstrand and Schierenbeck, 2000; Hovick and Whitney, 36 2014; Kolbe et al., 2004) . More generally, the impact of demography on levels of genetic 37 variation in invasive populations has been a major focus in the field of invasion genetics 38 since its inception more than 60 years ago (Dlugosch et al., 2015; Lee, 2002) ; especially 39 with respect to its effect on invasive species' ability to adapt to novel environments. Under 40 the assumption that invasive species experience strong bottlenecks, and in some cases 41 inbreeding, an erosion of genetic diversity is predicted to reduce fitness and impose 42 constraints on a population's ability to persist in and adapt to novel environments (Markert 43 et al., 2010; Agashe et al., 2011; Agashe and Bolnick, 2010) . The fact that invasive 44 species are frequently able to successfully colonize and adapt to novel environments, 45 despite the negative consequences that a loss of diversity is expected to have on fitness 46 (and by extrapolation, population growth rates), has led to the idea of the "genetic paradox 47 of invasive species" (Allendorf and Lundquist, 2003; Estoup et al., 2016) . At least two general arguments have been made against support for a genetic paradox in 60 invasive species. First, reduced genetic diversity at neutral loci is not equivalent to a 61 reduction in genetic variation that is important for adaptation: invasive populations may 62 show reduced genetic variation at neutral loci but retain variation at loci that are important 63 for adaptation to novel environments (Dlugosch et al., 2015; Estoup et al., 2016) . 64 Therefore, populations of invasive species may still show high fitness and an ability to 65 adapt to novel habitats despite a loss of genetic variation at loci that do not underlie 66 fitness-associated traits. Second, invasive populations may not need to adapt to the 67 habitats they are colonizing, therefore removing the paradox altogether (Estoup et al., 68 2016). For example, populations may adapt to human altered or disturbed environments 69 in their native range, thereby facilitating subsequent range expansions into 70 "anthropogenic" environments (a process termed "anthropogenically induced adaptation 71 to invade": (Hufbauer et al., 2012) ). These arguments describe reasons why successful 72 colonization and adaptation in invasive species may not be paradoxical. 73 
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Genetic diversity in neutrally evolving populations of constant size is expected to be 75 proportional to the effective population size and the mutation rate (θ = 4Neμ; (Watterson, 76 1975)). Populations of invasive species do not however exist under equilibrium conditions 77 and can experience large fluctuations in population size. Non-equilibrium dynamics such 78 as these are predicted to affect both the amount and type of genetic variation segregating 79 within a population. Genetic drift in small populations can, for example, lead to the fixation 80 of weakly deleterious mutations segregating at low frequencies in source populations 81 (Marsden et al., 2016; Rogers and Slatkin, 2017) , and populations that are either 82 increasing (e.g. a growing invasive population) or decreasing (e.g. bottlenecked 83 populations at the front of a range expansion) in size are expected to fix novel beneficial 84 or deleterious mutations, respectively, with higher probability than populations of constant 85 size (Otto and Whitlock, 1997) . These theoretical expectations have important 86 implications for the dynamics of adaptation (and maladaptation) during range expansions. 87 We therefore require a better understanding of how changes in population size during 88 biological invasions and range expansion affect genome-wide patterns of diversity and 89 how these changes may alter the average fitness of individuals in invading populations. 90 91 When explicit links between genetic variation and adaptive phenotypic variation have not 92 been made, a comparative approach can be used to gain insight into general effects that 93 invasion has on genetic variation. First, genome-wide data can be used to gain a more 94 nuanced understanding of the effects of range expansion on patterns of genetic variation. 95 For example, genetic diversity varies across the genome ( Quantifying performance across different environments is another way to assess whether 108 range expansions associated with biological invasions have affected fitness in invasive 109 populations. For example, if inbreeding and small population size had led to a decrease 110 in fitness, one prediction is that between-population crosses will display higher fitness 111 than crosses carried out within an inbred population (i.e. heterosis (Oakley et al., 2019) ). 112 More generally, if invasive populations suffer from inbreeding depression, we would 113 predict that they will display lower fitness (or some measure correlated with fitness) 114 relative to outbred populations that are found in the native portion of the species' range 115 (Oakley et al., 2019) . Therefore, by combining genome-wide surveys of genetic variation 116 with phenotypic measurements of performance, we can gain a better understanding of 117 the processes affecting genetic variation during biological invasions and how those 118 processes might affect the fitness of individuals in invading populations. We computed nucleotide diversity across segregating sites (πSNP), the number of Table S4 ) and 206 to 233 across African populations (5% empirical 171 quantiles: 21 to 37 SNPs; Figure 2 ; Table S4 ). We observed similarly low genetic diversity 172 in invasive, relative to native, populations of Z. indianus when we restricted our analysis 173 to genomic windows that overlap an annotated BUSCO gene ( Figure S2 ; Table S5 ). Table S4 ). consequences of diversity across loci is also not expected to be equal. Genetic diversity 220 therefore varies greatly across the genome and the interaction between selection and 221 recombination rate can lead to a genome-wide "landscape" of genetic diversity that is 222 correlated with aspects of genome architecture such as recombination rates or gene 223 density (Begun and Aquadro, 1992; Burri et al., 2015; Dutoit et al., 2017; Nachman, 2001) . 224 We generated gene annotations and used estimates of recombination rates to test the 225 relationship between genetic diversity in invasive and native populations of Z. indianus 226 and these features of the genome. 227 228 Across all genomic windows, we found that the amount of genetic diversity (S) within a 229 given genomic window varied depending on whether that window overlapped-with, was 230 adjacent-to, or was distant-from an annotated gene (population level comparisons: GLMs: 231 all P < 0.0001). Genetic diversity tended to be lower in windows that overlap an annotated 232 gene compared to windows that were either within or outside of 5kb from an annotated 233 gene (12 of 15 populations; binomial test: P = 0.035; Figure S3 ). Three populations did 234 not follow this trend: the two Z. africanus populations and the Z. tuberculatus population 235 sampled from Senegal. For populations that had less diversity in windows that overlapped 236 an annotated gene, mean diversity tended to be 3.5 to 21.5% lower than in windows within 237 5kb of an annotated gene, and 0.6 to 32.9% lower than in windows further than 5kb from 238 an annotated gene (Table S6 ). We did not, however, observe an interaction between 239 invasion status (invasive Z. indianus, native Z. indianus, or non-invasive Zaprionus) and 240 window-location relative to annotated genes and the median amount of genetic diversity 241 (S) observed across windows (GLM: P = 0.99). The amount of genetic diversity within a 242 genomic region is therefore affected by the presence (or absence) of genes, but broad 243 scale differences in diversity between "genic" and "non-genic" regions is not 244 systematically altered -for example, due to selection preferentially maintaining genetic 245 diversity in or around genes -during the course of invasion. Figure S4 ), but was stronger when the difference in S was scaled by mean S for genomic 259 windows binned by recombination rate quantiles (Spearman's ρ = 0.231; Figure 3b ). This 260 finding shows that during invasions, the loss of diversity is not uniform across the genome, 261 but is greater in genomic regions experiencing lower recombination rates. between populations in the invasive and native regions of the species' range. However, the mean 267 difference in diversity for a given genomic window was positively correlated with recombination 268 rate (b). Populations with two points in panel a represent populations where we sampled more 269 than 4 individuals and estimated S using two independent random subsamples of those 270 individuals. In panel b, the difference in S (mean in invasive populations -mean in native 271 populations) was scaled by mean levels of diversity for a given recombination rate quantile.
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Invasion alters the genome-wide "landscape" of genetic diversity As a second test of how genetic diversity is distributed across the genome and whether 276 that genome-wide distribution is altered during biological invasions, we compared genetic 277 diversity between species in genomic windows that spanned annotated BUSCO genes. 278 Consistent with a genome-wide landscape of genetic diversity, we found that genetic 279 diversity (S) within annotated BUSCO genes was correlated between populations and 280 species of Zaprionus (Figure 4 ; see Figure S5 for randomization test). As expected, 281 correlations in S were weaker for interspecific comparisons than for intraspecific 282 comparisons ( Figure 4a ). The strongest interspecific correlation we observed was 283 between Z. indianus from Zambia and Z. africanus from São Tomé (Spearman's ρ = 284 0.4504; Figure 4b ) and the weakest was between Z. inermis from São Tomé and Z. show data from the strongest and weakest between-population correlations for Z. indianus, and 304 panel g shows the strongest between invasive populations of Z. indianus. Red rectangles in 305 panels e through g highlight genomic windows that have low diversity in one population (fewer 306 than 10 segregating SNPs), but higher diversity in the other (more than 10 segregating SNPs). 307 308 309
As with interspecific comparisons restricted to BUSCO windows, genetic diversity (S) was Figure 9 ). Two exceptions to this trend are that the B50 of Z. indianus from Zambia is 422 more similar to Z. africanus than other populations of Z. indianus, and the B50 of Z. 423 gabonicus is similar to populations of Z. indianus (Figure 9 ). Figure 9 ). There was also no 450 evidence that maximum fitness in invasive populations ( Figure 9 ) was different from that 451 in the African populations collected in Senegal, despite the latter having high levels of 452 genetic diversity. Therefore, we did not find consistent evidence that the loss of diversity We were also able to use different species of Zaprionus to show that there is a generally 545 conserved genomic landscape of diversity that decreases with increasing phylogenetic 546 distance (Figures 5b and 5c ). Correlated levels of genetic diversity have been shown 547 between a pair of divergent bird species (Dutoit et al., 2017) , but to the best of our 548 knowledge, this has not been tested in a phylogenetic context until now. We used the 549 correlation in diversity between species to show that the genome-wide landscape of 550 genetic diversity is altered in invasive, relative to native, populations of Z. indianus (Figure   551 7). We also showed that the difference in the amount of genetic diversity between invasive 552 and native populations of Z. indianus tends to be larger in regions of the genome with low 553 recombination rates (Figure 3b ). Previous studies have reported a similar pattern with 554 respect to lower genetic diversity on the X-chromosome in non-African populations of the 555 fruit fly Drosophila simulans (Begun and Whitley, 2000; Schöfl and Schlötterer, 2006) . We 556 have yet to identify the scaffolds that compose the sex chromosomes in the genome 557 assemblies we report here, but larger reductions in diversity on the X-chromosome 558 relative to the autosomes is likely to contribute to the pattern of reduced genetic diversity 559 in regions of low recombination. One mechanism that could explain this pattern is linked In conclusion, we have shown that genetic diversity in invasive populations of Z. indianus 586 is lower than in native populations (Figure 2) , and that the genome-wide distribution of 587 genetic variation is perturbed in invasive populations (Figures 3b, 4, 5, and 7) . These 588 results illustrate how range expansions associated with invasion can alter levels of 589 genetic variation across the genome. Despite these effects of invasion on genetic 590 diversity, invasive populations of Z. indianus maintain as much or more genetic diversity 591 than non-invasive congeneric species (Figure 2) , and both invasive and native 592 populations of Z. indianus are capable of maintaining high fitness across a broad range 593 of thermal environments (Figures 8 and 9) . These results show how measures of fitness 594 in invasive species can be decoupled from amounts of genetic diversity. They also 595 suggest that adaptation to an "invasive" niche prior to range expansion may be a more To facilitate population genomic analyses, we generated genome assemblies de novo for 621 each of the seven Zaprionus species described above. Genomes were assembled using 622 data generated from Illumina and Nanopore sequencers (SI). We used the BUSCO assemblies (we did not collect RNA-seq data for Z. inermis; SI). Our sequencing, 633 assembly, and annotation approaches resulted in genome assemblies with scaffold N50s 634 between 336 kb and 2.45 Mbp, complete single-copy BUSCO annotations of 90.7 to 635 97.4%, and 9,275 to 11,071 annotated transcripts (Table S2) . To quantify levels of diversity segregating within populations of Zaprionus, we generated 640 resequence data from 93 individuals across 16 populations and 7 species (minimum N = 641 3; maximum N = 11; Table S3 ). We extracted genomic DNA from either individual wild- We explored the effect of being located in or around genes on levels of genetic diversity 698 by first comparing genetic diversity across all genomic windows to diversity in windows 699 that overlapped an annotated BUSCO gene (Waterhouse et al., 2018) . We include this 700 category of distinct annotations because these genes (2799 total) have been curated as 701 single-copy orthologs in 25 dipteran species and we were able to annotate a high 702 percentage (minimum 90.7%, maximum 97.3%) as being present in complete single-703 copies in the de novo assemblies we generated for this study (Table S2) population. We also derived three additional parameters from the five model-estimated 805 parameters to summarize aspects of fitness and the thermal niche: the temperature at 806 which a population displays maximal performance (Toptimum), the total area under the 807 estimated performance curve (Ac), and the breadth of the curve between the lower 25% 808 and the upper 25% of the curve (B50). We estimated performance curves from data on 809 the total number of offspring produced by a single pair of flies across mean hourly 810 temperatures ranging from 13.9 to 28.9°C (SI). We compared performance curves 811 between species by generating posterior draws of parameter estimates. Two populations 812 were considered to differ with respect to parameters describing their thermal performance 813 curve when a given parameter estimate had a probability greater than 0.95 of being 814 different between the two populations. 815 816
